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We perform a systematic application of the hybrid particle-field molecular dynamics technique
[Milano et al, J. Chem. Phys. 2009, 130, 214106] to study interfacial properties and potential of
mean force (PMF) for separating nanoparticles (NPs) in a melt. Specifically, we consider Silica NPs
bare or grafted with Polystyrene chains, aiming to shed light on the interactions among free and
grafted chains affecting the dispersion of NPs in the nanocomposite. The proposed hybrid models
show good performances in catching the local structure of the chains, and in particular their density
profiles, documenting the existence of the “wet-brush-to-dry-brush” transition. By using these
models, the PMF between pairs of ungrafted and grafted NPs in Polystyrene matrix are calculated.
Moreover, we estimate the three-particle contribution to the total PMF and its role in regulating the
phase separation on the nanometer scale. In particular, the multi-particle contribution to the PMF
is able to give an explanation of the complex experimental morphologies observed at low grafting
densities. More in general, we propose this approach and the models utilized here for a molecular
understanding of specific systems and the impact of the chemical nature of the systems on the
composite final properties.
I. INTRODUCTION
Polymer composites containing nanosized particles are
currently the object of a quite intensive investigation,
carried out in the general perspective of generating new
potential technologies [1, 2]. The interest in them comes
from the possibility to control the effects that poly-
mer/filler interactions have on the polymer chains, in
order to improve the macroscopic material properties [3–
5]. Polymer nanocomposites have been deeply investi-
gated by theoretical approaches [6] and computer simu-
lations [7–10], beside a large variety of experimental tech-
niques (see, for instance, Refs. [11–13]). As for theoreti-
cal descriptions of nanocomposites, most of recent stud-
ies have been focused on the density-functional theory
(DFT) [14] and on the Polymer Reference Interaction Site
Model (PRISM) theory [15, 16]: it was found that these
approaches are able to reproduce local structure and in-
terface properties observed in simulations [17, 18] and
experiments [19–21]. However, theoretical methods are
typically developed for generic models and not made to
take into account the chemical structure of a given com-
pound. On the other hand, atomistic simulations, while
providing accurate descriptions of nanocomposites (to
quote few examples, see Refs. [22–25]), are typically lim-
ited to small polymer chain length and short timescales.
∗ Corresponding author, email: gmunao@unisa.it
In order to consider larger, properly relaxed, systems sev-
eral specific coarse-grained (CG) models have been pro-
posed [26–30]. A further speed up of the simulation times
can be obtained by combining the traditional molecular
dynamics (MD) approaches with a field representation of
the non-bonded interactions, following the self-consistent
field theory approach [31]: according to this description,
the mutual interactions among particles are decoupled
and replaced by a field representation. In such a way it
is possible to obtain a hybrid particle-field model [32, 33],
allowing length and time scales large enough to success-
fully characterize complex systems, including polyelec-
trolytes [34], carbon nanotubes [35], polymer melts of
with large molecular weight [36] and nanocomposites [37].
A more general view on the possibility to employ hy-
brid models including chemical details can be found in
Ref. [38].
In the present study, we investigate the behavior of
a CG model of a nanocomposite constituted by Sil-
ica nanoparticles (NPs) dispersed in a Polystyrene (PS)
matrix by means of the hybrid particle-field molecular
dynamics representation (MD-SCF) [37]. The specific
choice of this system is lead by the large amount of ex-
perimental studies characterizing structural and thermo-
dynamic properties of this composite [39–43]. The main
target of this study is to provide an accurate representa-
tion of the effective interactions among NPs in the poly-
mer melt; this is an issue of crucial importance for the
dispersion state of the NPs, that is in turn the main
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2factor determining the final properties of the polymer
nanocomposite. To this end, we first validate the MD-
SCF approach by comparing our results with previous
MD investigations of the same system [7, 28, 44–48], in
particular by ascertaining the accuracy of the MD-SCF
scheme in reproducing the structural properties of poly-
mer chains. Once validated our approach, we use the pro-
posed method for calculating the potential of mean force
(PMF) between a pair of NPs (bare or grafted with fur-
ther PS chains) as a function of chain length and grafting
density. Such an issue has been investigated in the past
by means of several approaches, including DFT [49] and
PRISM theory [6, 50] and MD simulations [51–57]. In
particular, previous numerical investigations have high-
lighted the effects due to the strength of attractive inter-
actions among polymer and NPs [52, 53], the role played
by the NP size and curvature on the PMF [51, 55], the
importance of the ratio between free and grafted chain
lengths [54] and the influence of grafting density and
polymer matrix length on the effective NP-polymer in-
teractions [56]. However, all these simulation works have
been generally devoted to study generic models for poly-
mers and NPs, based on pearl-necklace or bead-spring
representations; here we deal with a specific and realis-
tic model of nanocomposite, where the chemical detail
is properly taken into account. In addition, we have ex-
plicitly included in the calculation of the PMF the con-
tribution due to multi-particle effects such as three-body
interactions: the importance of multi-particle terms for
a proper description of the PMF has been already high-
lighted in experimental works (see, for instance, Ref. [40])
when facing the issue of self-assembly of grafted NPs in
polymer melts. In the same context, previous theoreti-
cal works based on the DFT [49] have also proved that
three-body interactions cannot be neglected in a proper
description of the PMF between NPs in polymer melts,
since their contribution can be significant. So far, ex-
plicit calculations of multi-body contributions to the to-
tal PMF by means of molecular simulations have been
performed mainly for studying the formation of small
clusters of nonpolar solutes in water [58], and in particu-
lar the effects due to cooperativity in hydrophobic asso-
ciation [59, 60]. An accurate treatment of the multi-body
effects also in simulation studies of polymer nanocompos-
ites is hence highly desirable. Finally, molecular weights
up to 1000 monomeric units in a single PS chain have
been considered, to make the system as realistic as pos-
sible.
Summarizing, in the present work we: I) validate MD-
SCF predictions for the local structure of PS chains by
comparing our results with previous MD studies; II) ex-
ploit our approach for studying the PMF between two
NPs in a PS melt as a function of chain length and graft-
ing densities; III) estimate the three-body contribution
to the total PMF, discussing this effect in comparison
with simulation and experimental data on Silica NPs dis-
persed in PS and gaining more detail inside the effective
interactions between NPs.
FIG. 1. Panel (a): cartoons of typical ungrafted and grafted
NPs investigated in this work; NP beads are depicted in red
and yellow colors, linkers in blue and polymer chains in grey.
Panel (b): sketch of the procedure for calculating the two-
body PMF upon increasing the distance between the NPs.
All details concerning the CG models and the simula-
tion procedure are provided in the Model systems and
Methods sections respectively, while results concerning
the above said points are presented in the Results and
Discussion section. Final remarks are given in the Con-
clusions section.
II. MODEL SYSTEMS
The CG models that we adopt for studying Silica
NPs embedded in PS melts have been introduced by
Qian and coworkers [61] and successfully implemented in
Refs. [28, 37]: each repeating units of atactic PS is repre-
sented as one bead located at the repeating unit center-
of-mass. Two different beads (R and S) account for the
chirality of the asymmetric carbon. As for the NP, the
effective bead is centered on the silicon atom position and
represents one SiO2 unit. The total mass of the hydrogen
atoms is distributed over all the CG beads of the NP. All
simulated NPs have a diameter of 4 nm and contain 873
beads. In addition, we also consider systems where some
PS chains are grafted to the NP surface. Following the
prescription by Ghanbari and coworkers [28], each grafted
chain is attached to the NP surface through a linker unit,
that is divided into four CG beads of two kinds with the
same mass. A representative snapshot of ungrafted and
grafted NPs is shown in Fig. 1 (panel a), along with the
3schematic procedure for calculating the two-body PMF
(panel b). Further details on this CG representation and
its validation can be found in Refs. [28, 37].
It is worth noting that, as already pointed out in
Ref. [37], the periodic interstitial structure of the NP
surface gives rise to an oscillating density field inside the
NP core; as a consequence, the incompressibility con-
dition can lead to an unphysical presence of PS chains
inside the NP. This is true in particular for ungrafted
NPs, whereas for grafted NPs the presence of the exter-
nal chains precludes the free chains to get close to the NP
surface. To counteract this effect, the NP density is de-
scribed by an analytical effective field: such an approach
has been applied also in SCF theory to deal with excluded
volume interactions of solid NPs [62]. Here we model the
NP density field as a combination of two different splines:
a first, quadratic function describes the density field in-
side the NP core, and a second, cubic function prevents
the external chains from overlapping the NP. These func-
tions can be calculated by fixing four parameters: the NP
radius r0, the maximum value of the density field inside
the NP (φcore), the value of the density field at the NP
surface (φsurf ) and the interval δr giving the width of
the NP density profile (i.e. how fast the NP density field
goes from φsurf at r = r0 to zero at r = r0 + δr). In our
model, r0 = 2, φcore = 100, φsurf = 2 and δr = 0.50.
Spline coefficients are obtained by imposing these con-
ditions and continuity of NP density and its derivative.
Further details can be found in Ref. [37].
III. METHODS
The simulation approach that we adopt in the present
study for studying CG systems is based on a combina-
tion of a standard molecular dynamics approach and a
self-consistent field theory [31] for the calculation of non-
bonded potentials. The resulting scheme is known as
hybrid particle-field model [32]: according to such an ap-
proach, the hamiltonian of a system comprised by M
molecules can be split as:
Hˆ(Γ) = Hˆ0(Γ) + Wˆ (Γ) (1)
where Γ represents a point in the phase space and the
symbol ˆ indicates that a given quantity is a function
of the microscopic state corresponding to Γ. In Eq. 1,
Hˆ0(Γ) is the Hamiltonian of a system with molecules
experiencing only intramolecular interactions, whereas
Wˆ (Γ) is the contribution due to the other non-bonded
interactions. The latter can be calculated as an external
potential V (r) on single particles, which is due to the
density field. The details of the derivation of V (r) can
be found elsewhere [32]. According to this derivation, the
mean field solution for the potential acting on a particle
of type K at position r, V (r) is:
VK(r) = kBT
∑
K′
χKK′ΦK′(r) +
1
κ
(
∑
K
ΦK(r)− 1) (2)
where kB is the Boltzmann constant, T is the tempera-
ture, χKK′ are the mean field parameters for the inter-
action of a particle of type K with the density field due
to particles of type K ′ and the second term on the right-
hand side of Eq. 2 is the incompressibility condition, κ
being the compressibility. Also, ΦK(r) and ΦK′(r) are
the density functions of the CG beads of type K and K ′,
respectively. The value of χKK′ has been fixed to 5.25,
in agreement with a previous MD-SCF study of the same
model [37].
All CG simulations have been performed by means
of the OCCAM code, whose details can be found in
Ref. [63]; in particular, MD-SCF simulations have been
performed in the NVT ensemble, with the temperature
(fixed at 590 K) controlled by the Andersen thermostat
and a time step of 4 fs. All particles have been enclosed
in a cubic simulation box with periodic boundary con-
ditions: values of box sizes are reported in Tab. I. In
the implementation employed here, we have divided the
simulation box into cubic cells of size l = 0.6 and 1.2
nm. The total force acting on each particle is the sum of
intramolecular interactions (obtained by means of tabu-
lated potentials) and contributions due to its interactions
with the density fields.
As for the calculation of the two-body PMF, for each
system we have prepared a set of 30 independent initial
configurations, each one corresponding to a pair of NPs
placed at a fixed distance from each other and embedded
in the polymer matrix. Such initial configurations have
been built by using the Packmol program [64]. One sim-
ulation has been performed for each configuration, where
the NPs were allowed to freely rotate but not to translate,
in order to keep their mutual distance fixed. Forces on
the centers of mass of the two NPs have been computed
each 0.4 ps and averaged over 80 ns. Convergence has
been ensured by verifying that the average values of the
forces do not change anymore up to the first significant
figure. If not explicitly reported in the figures, error bars
corresponding to standard deviations are smaller than
symbol sizes of the corresponding curves. The resulting
PMF has been calculated according to the equation:
U(r) = −
∫ rmax
rmin
F¯ (r)dr (3)
where r is the interparticle distance, ranging in the
[rmin, rmax] interval. In our simulations, rmin = 4 nm
and rmax = 10 nm; therefore rmin is coincident with
the NP diameter, while rmax indicates an interparticle
distance where the potential can be confidently assumed
equal to zero. In all simulations, distances are sampled
with a step of 0.2 nm and the numerical integration is
performed by employing the trapezoidal rule.
4TABLE I. Nanocomposite systems considered in MD-SCF simulations. The grafting density is given in chains/nm2 and the
box length in nanometers. There is one NP for each system.
Grafting density Grafted chains Grafted chains Free chains Free chains Box length
(ρg) (Ng) length (Lg) (Nf ) length (Lf ) (Lb)
0.5 25 80 808 20 15.20
0.5 25 80 24 2400 22.40
1.0 50 20 177 20 9.70
1.0 50 80 708 20 15.18
1.0 50 80 177 80 15.07
1.0 50 80 88 160 15.04
1.0 50 80 24 2400 22.55
FIG. 2. Panel (a): autocorrelation function of the end-to-end vector for free PS chains embedding a grafted Silica NP with
ρg = 1.0 chains/nm
2 and Lg = 80. Panel (b): same for PS chains embedding a ungrafted Silica NP from Ref. [37]. Values of
Lf are in the legends. Panels (c), (d): mean square displacement (MSD) of the center of mass of free chains in units of the
gyration radius (Rg) as a function of the time in a logarithmic scale. In panel (c) we report results for free chains of Lf = 20
and various ρg and Lg obtained by MD-SCF approach and compared with atomistic MD simulations from Ref. [48]. In panel
(d) we show results for ρg = 1.0 chains/nm
2, Lg = 80 and various Lf obtained by MD-SCF approach.
IV. RESULTS AND DISCUSSION
A. Relaxation times and molecular structure of
polymer chains
The main advantage of the hybrid particle-field scheme
is that non-bonded interactions are calculated among sin-
gle particles and an external potential. Since such in-
teractions constitute the computationally most intensive
part of MD simulations, even nanocomposites containing
NPs and polymers with high molecular weights can be
well relaxed [36, 37].
The complete collection of systems investigated by
means of MD-SCF simulations is reported in Tab. I: in all
cases there is one NP in the PS melt, grafted with other
PS chains of variable length. We consider several values
of free and grafted chain length (Lf and Lg, respectively)
for two different grafting densities ρg, corresponding to
two different numbers of grafted chains Ng. The num-
ber of free chains Nf is also allowed to vary. Relaxation
5FIG. 3. Panels (a), (b): bead number density of free and grafted chains for ρg = 0.5 chains/nm
2 (dashed lines) and ρg = 1.0
chains/nm2 (full lines) as a function of the distance from the NP surface, with fixed Lg = 80 and two different Lf , namely 20
(a) and 2400 (b). The effect of increasing Lf on the bead number density of the chains (for fixed ρg = 1.0 chains/nm
2 and
Lg = 80) is reported in panel (c).
times and local structure of free and grafted chains are
collectively reported in Fig. 2: specifically, we show in
the top panels the autocorrelation function (ACF) of the
end-to-end vector of free chains of variable length embed-
ding a single grafted NP with ρg = 1.0 chains/nm
2 and
Lg = 80. The simulation time required to obtain an inde-
pendent chain configuration is equivalent to the time that
the corresponding end-to-end vector ACF needs to decay
to zero. Even for long PS chains (Lf = 2400) this time is
less than 13 ns, which indicates the efficiency of the MD-
SCF approach. In order to investigate the role played by
the presence of the grafted chains on the relaxation times
of the free chains we have compared our results (panel a)
with previous calculations made for ungrafted NPs [37]
(panel b). The comparison is purely indicative, since the
specific values of Lf are not the same, but it seems to
suggest that the presence of grafted chains increases the
relaxation times of the free chains. A noticeable excep-
tion is found for Lf = 2400, where this trend is reversed:
this can be explained in terms of repulsive interactions
among free and grafted chains, this repulsion becoming
stronger upon increasing ρg and Lf , hence giving rise
to a faster chain relaxation. Further indication on the
relaxation time of PS chains can be gained by calculat-
ing the MSD, since, following Ref. [37], one can assume
that the equilibration procedure is effective if each chain
moves its center of mass by at least its gyration radius.
In the bottom panels of Fig. 2 we show the time depen-
dence of the MSD (divided by R2g) for a fixed Lf = 20
with various Lg and ρg (panel c) and for fixed ρg = 1.0
chains/nm2 and Lg = 80 with various Lf (panel d). In
panel (c) we also report a comparison with bulk MSD
values obtained in previous atomistic MD simulations of
the same system [48] for Lf = Lg = 20 and various ρg.
For Lf = 20 the MD-SCF approach is faster than stan-
dard MD simulations of almost two order of magnitude
in relaxing the chains: this is due both to the speed up
given by the field representation and to the adoption of
CG models instead of atomistic representations. In ad-
dition, it is worth noting that in MD-SCF simulations
there is a (slight) dependence of the MSD on the graft-
ing density. In MD simulations this dependence is not
observed, but this is due to the fact that in the figure
only the bulk values of free chains are reported; as stated
in Ref. [48], the MSD calculated for chains close to the
NP surface depends on ρg, as observed also in our results.
Finally, the increase of the MSD with Lf is reported in
Fig. 2d: as already known for Gaussian polymer chains,
MSD scales as L−2f even in presence of a grafted NP; ac-
cording to MD-SCF approach, chains containing up to
160 beads can be relaxed within 80 ns. Further evidence
of the speed-up of hybrid simulations in comparison with
the standard MD approach in properly relaxing polymer
melts and nanocomposites can be found in Refs. [36, 37]
The bead number density of free and grafted chains
as a function of the distance from the NP surface is re-
ported in Fig. 3. In particular, the effect of increasing
ρg on the density profile of short (Lf = 20) and long
(Lf = 2400) free chains is investigated in panels (a) and
(b), respectively, while the role played by the free chain
length is analyzed in panel (c). It emerges that upon
increasing ρg the peak of the grafted chains distribution
increases, while that of free chains decreases; also, for
low distances (< 2.5 nm) from the NP surface, there is
a slight drop of the bead number density of free chains
when Lf increases, whereas this behavior is reversed for
grafted chains. At higher distances, the number density
keeps almost constant. The picture is compatible with
the known “wet-brush-to-dry-brush” transition, observed
in both experimental [41] and numerical [7, 28] studies
of similar systems, and corresponding to the progressive
expulsion of the free chains from the grafted corona when
the grafting density increases. It is also worth noting that
both the existence of a crossover distance (2.5 nm in our
model) and the dependence of the transition on ρg and
not on Lf have been documented in Refs. [7, 28].
B. Chains extension and orientation
The investigation of the chain structure is completed
by analyzing their extension and spatial arrangement.
6TABLE II. Radii of gyration (Rgf and Rgg) and end-to-end distances (both in nanometers) of, respectively, free and grafted
chains for all systems investigated.
ρg Lg Nf Lf Rgf Rgg End-to-end (free) End-to-end (grafted)
0.5 80 808 20 0.909 ± 0.002 2.4 ± 0.16 2.039 ± 0.008 6.5 ± 0.5
0.5 80 24 2400 8.06 ± 0.02 2.808 ± 0.004 10.2 ± 0.21 8.2 ± 0.16
1.0 20 177 20 0.908 ± 0.005 0.93 ± 0.01 2.02 ± 0.02 2.25 ± 0.06
1.0 80 708 20 0.916 ± 0.002 2.41 ± 0.07 2.055 ± 0.009 6.3 ± 0.27
1.0 80 177 80 1.99 ± 0.02 2.49 ± 0.03 4.56 ± 0.07 6.6 ± 0.14
1.0 80 88 160 2.83 ± 0.05 2.3 ± 0.13 5.9 ± 0.20 6.2 ± 0.39
1.0 80 24 2400 8.42 ± 0.02 2.51 ± 0.05 10.5 ± 0.31 7 ± 0.17
FIG. 4. Panel (a): Comparison among MD and MD-SCF results for Rgg with fixed Lg = 80 and various Lf . MD values are
taken from Ref. [28] For the sake of clarity, squares, triangles and diamonds have been shifted on the x-axis of 10, 20 and 30
units, respectively. Panel (b): squared radius of gyration of free chains (Rgf ) as a function of the distance dcm between their
centers of mass and the surface of the NP. Panel (c): same for grafted chains (Rgg) as a function of the distance dcm between
their centers of mass and the surface of the NP. In both panels ρg = 1.0 chains/nm
2, Lg = 80 and Lf takes the values reported
in the legends.
Gyration radii and end-to-end distances of free and
grafted chains for progressively higher ρg and Lf are re-
ported in Tab. II, where Rgf and Rgg label the gyration
radius of free and grafted chains, respectively. Neither
the gyration radii nor the end-to-end distances depend on
the grafting density, since their values are practically un-
changed upon increasing ρg from 0.5 to 1.0 chains/nm
2;
on the other hand, Rgf and the end-to-end distance of
free chains significantly increase upon increasing Lf , as
can be expected. This is not the case of Rgg and the
end-to-end distance of grafted chains, whose values are
almost constant regardless of the specific values of ρg and
Lf .
MD-SCF results for the radii of gyration of grafted
chains are assessed against MD simulations of the same
CG model [28] in Fig. 4a: it turns out that MD-SCF
results are in agreement with MD data in providing the
independence of Rgg on both ρg and Lf . In addition,
it is worth noting that the error bars of MD data are
systematically higher than those of MD-SCF simulations,
this suggesting the capability of this approach to provide
more precise estimates of structural parameters.
The dependence of the gyration radius on the distance
dcm between the centers of mass of the chains and the
surface of the NP is shown in panels (b) and (c) of Fig. 4.
Rgf (panel b) remarkably increases for Lf = 20 at short
dcm: this circumstance suggests that in such conditions
the free chains are flattened against the NP surface. This
effect is observed only for small Lf , since the NP does
not provide enough surface area for long chains to be flat-
tened against; the same picture emerged also in previous
MD studies of the same CG system [28]. A different trend
is observed for grafted chains (Fig. 4c): in this case, Rgg
increases with Lf for chains in close contact to the NP
surface. This trend indicates that for high Lf , grafted
chains assume stretched configurations, since they are
pushed toward the NP surface by the surrounding free
chains. The rise of Rgg for dcm ≈ 1 is then followed by a
decay, with a minimum observed at dcm ≈ 2, which is in
turn followed by a new rise for higher distances. Hence, in
comparison with free chains, the conformations of grafted
chains appear more dependent on dcm, this dependence
becoming particularly enhanced for Lf = 2400.
Beside the elongation of free and grafted chains, we
also investigate their orientation as a function of their
distance from the NP surface. We use the second Legen-
7FIG. 5. Panel (a): visual representation of the orientational angle θ between the NP-surface normal and the vector joining two
neighbouring beads of a grafted chain. The same definition holds for free chains. Panels (b), (c): orientation angle distribution
for nearest and next-nearest segment vectors of free and grafted chains (in the inset), respectively. We report the second
Legendre polynomial of cos(θ), where θ is the angle between the inter-segment vector and the normal of the NP surface. In all
panels ρg = 1.0 chains/nm
2, Lg = 80 and Lf takes the values reported in the legends.
dre polynomial P2(r) defined as:
P2(r) =
1
2
〈3cos2θ(r)− 1〉 (4)
where θ(r) is the angle between the NP-surface nor-
mal and some vector of interest. In Fig. 5a we show
a schematic representation of such an angle when the
vector of interest joints nearest neighbours (1-2) or next-
nearest neighbours (1-3). Results for P2(r) for free and
grafted chains are reported in panels (b) and (c) of Fig. 5
for all 1-2 and 1-3 segment pairs. The figure shows that
the distributions are independent of the length of the free
chains, since the 1-2 and 1-3 inter-bead vectors are gov-
erned by local length scales [7, 28], not by the chain size.
Segment pairs which get very close to the NP surface
(dcm < 3 nm) orient parallel to it (and perpendicular
to the normal, whence P2(r) < 0). Above this distance
they are randomly oriented (P2(r) = 0). The transition
is sharper for 1-2 vectors (Fig. 5b) than for 1-3 vectors
(Fig. 5c). For grafted chains we find an intermediate re-
gion (around 3-4 nm) with a very small preference of per-
pendicular orientation with respect to the surface. These
vectors connect one monomer, which is adsorbed on the
surface, to one in the layer above. Therefore the vector
connecting them points away from the surface. These
calculations reproduce very well the findings of full MD
simulations [7, 28].
In summary, comparing our results with previous simu-
lation studies with a full particle-particle potential [7, 28],
we observe that all essential features characterizing the
nanocomposite are well reproduced within the hybrid
particle-field approach. In addition, the possibility to
fully relax the systems even for long polymer chains paves
the way for the investigation of equilibrium properties,
very hard to describe with the traditional simulation ap-
proaches. In particular, the behavior of one of such prop-
erties, the PMF, is the object of a detailed investigation
in the following subsections.
C. Two-nanoparticles interactions
The total collection of the investigated systems for the
calculation of the two-body PMF between a pair of un-
grafted or grafted NPs is reported in Tab. III: for clearly
identifying the various cases, we have labeled each system
with a different symbol. Note that the simulation box has
been taken rectangular, with the long side oriented along
the axis connecting the centers of mass of the two NPs.
In order to obtain the full interaction, we have first cal-
culated the interaction between the cores of the two NPs
by performing all-atom MD simulations in the vacuum
and comparing the results with an analytical theory de-
veloped by Hamaker [65] (see the Supporting Informa-
tion), following the procedure described and validated in
Ref. [66].
The two-body PMF between ungrafted and grafted
NPs included in a PS matrix of variable chain length
are reported in Fig. 6. In the ungrafted case (panel a)
the interaction is strongly attractive and independent on
the chain length: this behavior is in agreement with pre-
vious DFT [14, 49] and PRISM [6] studies of the PMF
in simple CG models and can be understood in terms of
chains confinement: in panel (b) we show a cartoon rep-
resenting several configurations of a single chain confined
between the NPs for a interparticle separation of 1 nm.
As visible, in the confinement zone the chain is consid-
erably compressed, whereas outside this zone it is able
to explore a larger variety of geometrical configurations.
Therefore, chains can be arranged between the two NPs
only by assuming extended conformations: the high en-
tropic penalty of this conformation gives rise to a strong
attraction between the NPs. Upon increasing the inter-
particle distance, a progressively higher number of chains
can be confined in a more coiled states and the attrac-
tion diminishes. It is also worth noting that the PMF
oscillates until reaching the zero value with a period cor-
8TABLE III. Nanocomposite systems considered in the calculation of the two-body PMF. Each case is labeled by a different
symbol. The box lengths are Lx = 22 nm, Ly = Lz = 12.5 nm.
Grafting density Grafted chains Grafted chains Free chains Free chains
(ρg) (Ng) length (Lg) (Nf ) length (Lf )
0 0 - 1044 20
0 0 - 104 200
0.5 (+) 25 80 854 20
1.0 (∗) 50 20 944 20
1.0 (×) 50 80 644 20
0.5 (◦) 25 80 17 1000
1.0 () 50 20 19 1000
1.0 (4) 50 80 13 1000
0.04(•) 2 40 1028 20
0.1 () 5 80 995 20
0.4 (N) 20 20 99 200
FIG. 6. Behavior of the two-body PMF between ungrafted
and grafted NPs as a function of their mutual distance. Values
of Lf , ρg and Lg are reported in the legends. Cartoons show-
ing confinement of a polymer chain conformation between two
ungrafted or grafted NPs are given in panels (b) and (d):
grafted and free chains are reproduced in grey and blue, re-
spectively, whereas other chains are not shown.
responding to the radius of a NP. This is in agreement
with previous theoretical [6, 49, 67] and simulation [68]
studies, where it was found that oscillations develop when
the polymer chains are confined between the NPs and the
regions of perturbed polymer density around each NPs
begin to overlap. More specifically, the oscillatory behav-
ior indicates a correlation between the structure of the
polymer in the interparticle region and matrix-induced
NP-NP interactions. For particles in close contact, os-
cillations can not develop and a monotonic decay toward
strongly negative values of the PMF is found, as expected
for high NP-PS repulsive interactions.
A different scenario is observed for the grafted cases:
for high grafting densities and low molecular weigths of
the free chains (panel c) the PMF is mainly repulsive,
such repulsion becoming stronger upon increasing ρg or
Lg. The cartoon reported in panel (d) clarifies the ori-
gin of the NP-NP repulsion: in comparison with the un-
grafted case, now a large number of grafted chains are
forced to be confined between the two NPs; even if a
small number of free chains can still be confined, the
available space contains especially the grafted ones, that
push the two NPs away from each other, hence generat-
ing the repulsion between them.
If the free chain length increases (panel e), the repul-
sion between the NPs increases in turn, and this is es-
pecially clear for ρg = 0.5 chains/nm
2 and Lg = 80: in
fact the minimum of the total PMF, previously found
at '-380 kJ/mol, is now observed at '-140 kJ/mol. As
a consequence, the total PMF for ρg = 0.5 chains/nm
2
and Lg = 80 and for ρg = 1.0 chains/nm
2 and Lg = 20
are now almost coincident. The increase of the short-
range repulsion between a pair of grafted NPs upon in-
creasing ρg and Lf is also in agreement with previous
simulation studies of bead-spring models [54, 56]. The
analysis is completed by exploring cases corresponding
to low grafting densities and free chain lengths (panel f):
unlike what has been observed so far, the PMF shows
a pronounced attractive well, keeping negative values for
almost the entire range of interparticle distances. The at-
traction strength increases upon decreasing ρg, with the
PMF monotonically going to zero, except for ρg = 0.04
9b)
FIG. 7. Panel (a): schematic phase behavior for grafted NPs
embedded in a PS matrix, drawn by considering the two-body
PMF. Different colors are used for well dispersed (B2 > 0)
and phase separated (B2 < 0) regions. Panel (b): trasmission
electron microscopy images of the corresponding structures,
redrawn from Lan et al. [39]. The scale bar is indicated in the
first image of the panel.
chains/nm2, where a maximum is observed for an inter-
particle distance of 4 nm. We infer that such a feature
could be reminiscent of the oscillating behavior observed
for ungrafted NPs, since the grafting density is quite low.
For ρg = 0.4 we have also verified that upon decreasing
Lf from 200 to 20, no qualitative difference in the PMF
are observed (see the Supporting Information).
By collecting these results, it emerges that the molec-
ular weight of the free chains does not significantly influ-
ence the PMF. On the other hand, the grafting density
plays a critical role in determining the behavior of the
effective interactions between grafted NPs: for high ρg
the two-body PMF is always repulsive, whereas for low
ρg it becomes attractive. As a consequence, a system
comprising several NPs in a PS melt should be well dis-
persed in the first case and phase-separated in the second
case. This assumption can be verified by calculating the
second virial coefficient B2 from the PMF, since positive
values of B2 identify regions of the phase diagram where
repulsive contributions are dominant, whereas its neg-
ative values indicate that attractive interactions prevail.
The general definition of the second virial coefficient for a
potential without an angular dependence can be written
as [69]:
B2 = 2pi
∫ ∞
0
(1− e−βU(r))r2dr (5)
where U(r) is the PMF, β = kBT and r is the interpar-
ticle separation. In our case the interval of integration
[0,∞] is replaced by [rmin, rmax] according to the def-
inition of Eq. 3. By performing the calculation of B2,
keeping into account the effects due to ρg and Lg and fol-
lowing a prescription reported in Ref. [40], it is possible
to draw a schematic representation of the phase behav-
ior of the nanocomposite as obtained from the two-body
PMF and reported in panel (a) of Fig. 7. Experimen-
tally obtained images of well dispersed and phase sepa-
rated conditions (redrawn from Lan et al. [39]) are shown
in panel (b). It is noteworthy to compare such findings
with simulation [40] and experimental [39, 42, 43, 70]
data on the collective behavior of grafted NPs embed-
ded in a PS matrix: we first note that, unlike what we
find, it is experimentally observed that for high molecular
weights of the free chains a phase separation is detected.
However, it must be pointed out that all data reported in
Ref. [39, 42, 43, 70] refer to NPs of bigger size than that
investigated here. Previous experimental [71] and sim-
ulation [72] studies on the effects of the NP size on the
PMF have effectively proved that for small NPs (when
the radius of gyration of the grafted chains is comparable
to the NP radius) the effective interactions between NPs
are mainly repulsive. In particular, a DFT study [73]
has established that in good solvent conditions the PMF
betwen two grafted NPs is always repulsive. The results
obtained in these studies explain the repulsive behavior
of the two-body PMF observed in our simulations. The
comparison with simulation and experimental morphol-
ogy diagrams reported in Refs. [40, 70] shows a futher
interesting feature: in those diagrams, for low grafting
densities the NPs are found to self-assemble in complex
nanostructures, like strings, connected sheets and small
clusters. The appearance of a given structure strongly
depends on a proper combination of ρg, Lg and Lf . Ac-
cording to the behavior of the two-body PMF at low
grafting densities, reported in Fig. 6f, it emerges that
the resulting NP-NP interactions are purely attractive
for all the interparticle distances and then cannot repro-
duce the appearance of complex structures. This is due to
the subtle competition between attractive and repulsive
contributions (rather than a clear prevalence of one of
the two effects) which takes places for low grafting den-
sities, where these structures appear. The crucial role
played by the grafting density in determining the struc-
ture of nanoscale aggregates has been recently stated also
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TABLE IV. Nanocomposite systems considered in the calculation of the three-body PMF. Note that all grafted cases correspond
to those reported in Tab. III, except for the values of Nf . The box length is Lb = 22 nm.
Grafting density Grafted chains Grafted chains Free chains Free chains
(ρg) (Ng) length (Lg) (Nf ) length (Lf )
0 0 - 2796 20
0.5 25 80 2527 20
1.0 50 20 2662 20
1.0 50 80 2194 20
0.5 25 80 50 1000
1.0 50 20 53 1000
1.0 50 80 44 1000
0.04 2 40 2792 20
0.1 5 80 2775 20
0.4 20 20 274 200
in Ref. [74]. On the other hand, a proper characterization
of this region of the morphology diagram is important,
due to the variety of possible technological applications
connected to the appearance of nanostructures. Multi-
body effects can play a significant role for a proper deal-
ing of the competition between attractive and repulsive
effects, as shown in the next subsection, focused on the
three-body contribution to the global PMF.
D. Three-nanoparticles interactions
The total collection of the investigated systems for the
calculation of the three-body PMF is reported in Tab. IV
and the schematic procedure for its calculation is given
in panels (a), (b) of Fig. 8: the systems are now made
of a variable number of PS chains plus three NPs (for
clarity labeled 1, 2 and 3), whose mutual distances are
kept fixed. These NPs are placed in a T-shaped arrange-
ment with the horizontal bar being the 1-2 vector, and
the vertical bar being the vector between the 1-2 mid-
point and particle 3 at distance D3. The contribution
due to the presence of particle 3 is calculated by com-
puting the total forces acting on the centers of mass of
particles 1 and 2. The two-body PMF corresponds to a
particular case of the three-body PMF where D3 = ∞;
due to the particular arrangement of the three NPs, the
shape of the simulation box is now cubic, with Lb = 22
nm. The comparison between two and three-body PMF
between ungrafted NPs embedded in a PS matrix con-
stituted by chains of 20 beads and for D3 = 4 nm is
reported in panel (c) of Fig. 8. It emerges that the addi-
tion a third NP in the simulation box has a remarkable
effect on the resulting interaction, since the three-body
PMF is considerably more attractive than the two-body
counterpart. Furthermore, oscillations observed for the
two-body case are now suppressed, this indicating that
the presence of the third NP breaks the previously de-
scribed mechanism of association, giving rise to a PMF
without intermediate minima that monotonically goes to
zero for large interparticle distances. The increase of the
attraction can be understood by looking at the cartoon
reported in Fig. 8d: in comparison with the two-body
case, a chain confined between three NPs is now even
more compressed, and the accessible space just outside
the confinement zone is further reduced. Hence, chains
have less conformational freedom between the NPs, this
generating a strong attraction between them.
The calculation of the three-body contribution among
grafted NPs follows the same lines considered for the un-
grafted cases. Two and three-body PMF between grafted
NPs are compared in Fig. 9: in particular, in the top pan-
els cases corresponding to high grafting density, low free
chain lengths and D3 = 4 nm are considered. In these
conditions, the three-body PMF is systematically more
repulsive than the two-body counterpart, a behavior op-
posite to that observed for ungrafted NPs. This is due
to the increase of the steric repulsion between grafted
chains, which becomes bigger and bigger the closer the
NPs are. The emerging picture is compatible with a sys-
tem where NPs are in a well dispersed condition. The
same scenario holds if the free chain lengths increases
till to 1000 beads in a single chain (see the Support-
ing Information). From a physical point of view, for
high grafting densities, the addition of a third particle in
the calculation of effective interactions does not change
the scenario observed in the simpler two-body case, but
strengthens the repulsive behavior of the resulting PMF,
in particular for small interparticle distances. A simi-
lar effect has been noticed also in a previous DFT study
of the three-body interactions in polymer nanocompos-
ites [49] and it has been related to the existence of a small
region of polymer confined between the three NPs, which
gives rise to large contribution to the PMF. The authors
hence concluded that three-body interactions cannot be
neglected in a proper description of the PMF between
NPs in polymer melts, since they bring a significant con-
tribution to the total interaction.
The most interesting situation is that corresponding to
low grafting densities (bottom panels of Fig. 9), where the
two-body PMF is attractive, thus suggesting aggregation
between NPs. The comparison between two and three-
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FIG. 8. Panels (a), (b): schematic representation of three ungrafted NPs in a PS melt, suited for the calculation of the three-
body PMF: the distance D3 between the center of the NP 3 and the center of the 1-2 vector is 4 nm. Panel (c): comparison
between two-body and three-body PMF between ungrafted NPs with Lf = 20 as a function of their mutual distance for D3 = 4
nm. Panel (d): cartoon showing the restricted conformational freedom of a polymer chain confined between three NPs (in
comparison with the two-body case); other chains are not shown.
body PMF under these conditions is done for D3 = 4 and
D3 = 10 nm, in order to take into account also the effects
due to the range of the three-body potential. For D3 = 4
nm all three-body PMF show the existence of a short-
range attraction followed by a repulsion, the strength
of the two interactions being strictly dependent on the
specific cases considered. The contemporary presence of
attractive and repulsive contributions in the total inter-
actions is usually related to the onset of self-assembled
complex structures [75]. More specifically, for ρg = 0.4
chains/nm2 and D3 = 4 nm (panel d) the three-body
PMF has now a shallow attractive minimum followed by
a slightly repulsive flat region before going to zero. A
comparison with a simulation morphology diagram re-
ported in Ref. [40] suggests that strings should appear
under these conditions. For ρg = 0.1 chains/nm
2 and
D3 = 4 nm (panel e) the three-body PMF shows a quite
deep minimum (similarly to the two-body case), before
attaining a plateau around zero already for short-range
distances. It has been shown that very short-range at-
tractive potential can give rise to planar structures [76]
resembling the connected sheets reported in Refs. [40, 70].
However this behavior was found for anisotropic poten-
tials: whether this can happen also for the PMF shown
in Fig. 9e, is not straigthforward to infer. Finally, for
ρg = 0.04 chains/nm
2 and D3 = 4 nm (panel f) the three-
body PMF still shows a deep sharp minimum, followed
by a repulsive tail persisting even to intermediate NP-NP
separation and becoming zero only for distances close to
6 nm. The simultaneous presence of a short-range at-
traction and a long-range repulsion is usually related to
the appearance of clusters [77], as expected also from
previous simulation and experimental morphology dia-
grams [40, 70]. The picture is completed by analyzing the
range dependence of the three-body PMF: for ρg = 0.4
chains/nm2 (panel d) the three-body PMF strongly de-
pends on the distance D3, since for D3 = 10 nm we al-
ready recover the behavior of the two-body PMF. Hence,
under these conditions the three-body effects are signifi-
cant only for short interparticle distances, as can be ex-
pected if strings effectively appear in the system. Con-
versely, for ρg = 0.1 chains/nm
2 (panel e) the three-body
effects are long-ranged, since for D3 = 10 nm the PMF
still shows the same behavior observed for D3 = 4 nm:
this can be compatible with the presence of sheets, since
in order to bond many NPs in a planar configuration,
the three-body contribution must persist even for large
interparticle distances. Finally, for ρg = 0.04 chains/nm
2
(panel f) the PMF for D3 = 10 nm is again similar to
the two-body case, hence suggesting that the three-body
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FIG. 9. Comparison between two-body and three-body PMF between grafted NPs as a function of their mutual distance. In
the top panels cases corresponding to D3 = 4 nm and high grafting densities are shown. In the bottom panels we report cases
corresponding to D3 = 4 nm, D3 = 10 nm and low grafting densities. Specific values of ρg, Lg and Lf are given in the legends.
FIG. 10. Distribution of ∆ values for different grafting den-
sities, grafted chain lengths and NP center-center separations
(indicated in the legends). Both two (2B) and three-body
(3B) cases are considered. For the three-body PMF we have
chosen D3 = 4 nm. The interparticle distances are normalized
by the NP diameter σ.
effects are short-ranged under these conditions, in agree-
ment with the possible presence of clusters. It may be
worth noting that the short-range or long-range nature
of the three-body effects does not monotonically depend
on the grafting density, but only on the specific system
considered.
The dependence of self-assembled structures on multi-
body interactions has been highlighted also in previ-
ous numerical studies of solutions containing grafted
NPs [78]; on the other hand, it also has been shown [79]
that these complex structures can arise due to the
anisotropy in the grafted coronas surrounding the NP
cores. Such anisotropy can be investigated by calculat-
ing the asymmetry in the polymer grafting; following the
prescription reported in Ref. [79] we have calculated the
center of mass ∆ of the grafted chains respect to the
center of mass of the NP to whom they are linked. In
Fig. 10 we report the probability P (∆) of finding different
∆ values upon varying the grafting density, the grafted
chain length and the interparticle distance. In addition,
two and three-body cases (for ρg = 0.4 chains/nm
2 and
Lg = 20) are assessed against each other. The distribu-
tions follow a Gaussian form that reads as:
P (∆) ∝ ∆2exp[−(∆2/〈∆2〉)] , (6)
where 〈∆2〉 is the mean squared value of ∆. As visible,
no peak for ∆ = 0 is found, this indicating the existence
of an asymmetry in the chain distribution for all cases, as
documented also in Ref. [79]. It is worth noting that for
the three-body case and for Lg = 80 the position of the
peak of P (∆) shifts towards low values of ∆ upon increas-
ing the interparticle distances; at the same time, also the
heigth of the peak decreases. Hence, for low interparticle
distances, the grafted coronas are more warped, which is
consistent with the previous description of chain arrange-
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Small Clusters Connected Sheets Strings
FIG. 11. Top: schematic morphology diagram for grafted NPs embedded in a PS matrix, drawn by considering the three-body
PMF for D3 = 4 nm and calculating the second virial coefficient. Different colors are used for well dispersed, strings, connected
sheets and small clusters regions. The behaviors of two-body and three-body PMF are also reported for enhancing their relation
to the morphology diagram. Bottom: trasmission electron microscopy images of the corresponding self-assembled structures,
redrawn from Akcora et al. [40]. The scale bar is indicated in the first image of the panel.
ments (see Fig. 6 and Fig. 8). The trend is reversed for
the two-body case and Lg = 20, this indicating the in-
terpenetration between grafted coronas belonging to the
two NPs. Overall, the behavior of P (∆) indicates that
the asymmetry increases if multi-body interactions are
taken into account, as expected is nano-structured ag-
gregates onset in the system.
Summarizing the main outcomes of the three-body
PMF it is possible to redraw the schematic phase be-
havior reported in Fig. 7 by calculating the second virial
coefficient for the three-body PMF through the Eq. 5.
However, it is worth noting that the knowledge of B2
provides information only on the repulsive or attractive
nature of the PMF and hence can not identify the spe-
cific self-assembled structures. As a consequence, the
latter can be inferred only by the specific behaviors of
the PMF reported in Fig. 9 and discussed above. The
resulting scheme is shown in Fig. 11, along with exper-
imentally obtained images of small clusters, strings and
connected sheets redrawn from Akcora et al. [40]. In
order to highlight the relation between the PMF and
the different phases, we also report in the same figure
the behavior of two and three-body PMF (for D3 = 4
nm) at high and low grafting densities. As visible, the
well dispersed condition, observed in the upper part of
the diagram and characterized by high values of Ng and
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Lg, can be generally well described by the behavior of
the two-body PMF; conversely, for a proper understand-
ing of the nanostructures observed in the lower part of
the diagram we need to consider the subtle interplay be-
tween two-body and three (or multi) body interactions.
In this perspective, further refinements of our approach,
including four-body (or higher) contributions to the to-
tal PMF are possible, even if it is reasonable to assume
that higher order corrections become progressively less
significant. We deserve explicit calculations of four-body
contribution to the total interaction to future studies.
V. CONCLUSIONS
We have performed a molecular dynamics study of a
coarse-grained model of Silica-Polystyrene nanocompos-
ites by means of a hybrid particle-field approach. In
this method, the non-bonded interactions among parti-
cles are decoupled and replaced by a field representa-
tion. In this way, it is possible to drastically reduce the
simulation time typically required for properly relaxing
the nanocomposites, opening the way to investigations of
their local structure and interfacial properties in detail.
Specifically, spherical Silica nanoparticles (NPs) grafted
with Polystyrene chains have been studied, aiming to
show how the presence of grafted chains influences the
global properties of the nanocomposite.
The proposed approach has been first validated against
standard models previously reported in literature (based
on traditional molecular dynamics simulations) and find-
ing an overall good agreement with them. In particular,
we have verified that the molecular structure of poly-
mer chains is well reproduced by the hybrid particle-field
approach, by documenting the existence of a “wet-brush-
to-dry-brush” transition, as already observed in previous
experimental [41] and simulation [28] works. In addi-
tion, we have checked that even polymer chains with high
molecular weight can be fully relaxed within the proposed
approach.
Then, the potential of mean force (PMF) between a
pair of ungrafted or grafted NPs embedded in the poly-
mer matrix has been calculated. In order to gain new
insight in the knowledge of the effective interactions be-
tween the NPs, we have calculated, beside the usual two-
body PMF, also the three-body contribution to the total
potential. To the best of our knowledge, this is the first
time such a term is explicitly taken into account in molec-
ular simulations of polymer nanocomposites.
Upon comparing the PMF between ungrafted and
grafted NPs, significant differences emerge: while in the
first case the PMF is strongly attractive, for grafted NPs
it becomes progressively more repulsive upon increasing
the grafting density. The calculation of three-body PMF
between grafted NPs allowed us to make a qualitative
comparison with simulation [40] and experimental [70] di-
agrams where different morphologies (obtained through
the self-assembly of many grafted Silica NPs in PS matri-
ces) are reported. In particular, we have ascertained how
the existence of nanostructures, like strings, connected
sheets and small clusters, can be understood only by tak-
ing into account the subtle interplay between two-body
and three (or, more in general, multi) body interactions
in the behavior of PMF. In this perspective, we have pro-
posed our approach and models for a proper molecular
understanding of specific systems, along with the impact
of the chemical nature of such systems on the composite
final properties.
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